ABSTRACT High-speed solid-rotor induction machines (IMs) suffer from higher rotor eddy-current losses (as a result of the air-gap flux density harmonics) more than any other type of high-speed machines because of the solid-rotor steel. A double-layer short-pitch asymmetric winding arrangement with prefabricated coils is proposed in this paper to mitigate the solid-rotor losses and enable easier assembly. However, the asymmetric winding also brings some current unbalance because of three-phase asymmetric stator inductances, especially the winding leakage inductances. Current unbalance can cause harmful effects for both the machine and supply, e.g., torque ripples, unbalanced magnetic pulls, and unbalanced thermal loads of the supply network and supply power electronics. Additionally, a three-phase unbalanced current can cause an extra source of electromagnetic emission to the environment, which can be harmful to surrounding electronics and can cause extra eddy-current losses in surrounding solid surfaces (e.g., a metal terminal box). To mitigate the current unbalance, two methods are compared in this paper. The first method is a slight increase of the stator slot height and placing of the coil sides at the top or bottom within the slot height for different phases. The stator slot height is optimized based on the 2-D finite-element method (FEM) to achieve the best solution for mitigation of the current unbalance. The other method is based on the results of the first method, and the coil side position for a specific phase is further adjusted. Unlike conventional methods of mitigating the current unbalance by power electronics, the proposed method suppresses the current unbalance solely by adjusting the machine design, which avoids extra investments for power electronics devices. In addition, the machine control strategy remains unchanged compared with the traditional one. 
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I. INTRODUCTION
High-speed solid-rotor induction machines (IMs) are capable of achieving high rotational speeds and operating in harsh environments, compared with other machines for high speed applications as permanent magnet synchronous machines (PMSMs) and switched reluctance machines (SRMs) [1] - [4] . The PMSM has a higher power density than the IM, but the cost of the machine is higher because of the expensive magnet material and the maximum speed is lower. The SRM has the advantage of the easier manufacturing, but the control becomes more difficult and the noise becomes stronger than in the IM. Therefore, high-speed IMs equipped with a solid rotor are widely used in industrial applications.
The rotor of such machines is built of magnetically soft constructional steel, which offers a rugged solution compared to other rotor structures [5] , [6] . Although a solid rotor is one of the most robust rotor structures, it also brings some challenges, in particular high solid-rotor losses, which make cooling of the motor challenging and expose the motor to potential machine faults [7] . Typically, there are three types of rotor losses containing the hysteresis, eddy currents, and anomalous losses, which are reported in detail in [8] and can be modeled accurately by the nonlinear lumped parameter equivalent circuit. For solid-rotor IM the majority of the rotor losses are eddy currents related losses. The main reason for the high rotor losses is the relatively low conductivity of the solid-rotor steel compared with the copper, which leads to significant slip related losses at the nominal load. In the case of a pure solid rotor with no extra windings, the high axial conductivity is needed to provide the current flow required in the rotor for torque production. The rotor material has a significant influence on solid-rotor losses, and many different types of rotor materials for high-speed applications have been investigated by researchers. Studied materials include carbon steel alloys, Fe-Si and Fe-Ni alloys, maraging steel, Fe-Co alloys and Fe-Cu alloys, as reported in [9] . Although some of the materials result in much lower rotor losses than others, in all cases the losses are still much higher than those of a machine equipped with a copper cage winding and a laminated rotor. Among the solid rotor core materials studied, Fe-Cu alloy has the lowest resistivity, which is 1.1×10 −7 m at 20 • C. This resistivity is still one order higher than the copper resistivity (1.78 × 10 −8 m).
Mitigating the solid-rotor losses by modifying the rotor itself has also been studied. For example, slitted rotors are widely used to reduce the slip related losses (caused by the fundamental of the air-gap flux density) [10] - [12] . Rotor sleeves (coatings) are highly recommended to suppress the high-frequency eddy-current losses induced by the air-gap flux density harmonics [13] - [15] . A significant share of the total solid-rotor losses are mainly caused by the air-gap flux density harmonics. Therefore, it is recommended that the stator should be designed to produce the minimal amount of the air-gap flux density harmonics. Typically, semimagnetic wedges are used in the slot openings to suppress the stator slot harmonics and double-layer short-pitch stator windings are used to mitigate the winding harmonics e.g. −5th, +7th, −11th, +13th [16] , [17] . Sometimes however, the winding installation and assembly becomes very difficult when double-layer winding is used, especially in the case of prefabricated coils. In a two-pole machine, the manufacturing of a double-layer winding become very difficult as in the worst case half of the coil sides remain hanging in the stator bore leaving almost no space for the practical winding work. Therefore, using alternative techniques to the orthodox two-layer short-pitched winding becomes not just tempting but in some cases a necessity. The asymmetric winding can offer easy manufacturing, as reported in [18] , [19] . But this solution comes at the cost of an asymmetric behavior of the main flux and leakage flux.
Using the asymmetric winding causes the machine to suffer some current unbalance. Such unbalance can produce harmful effects, e.g. extra losses, torque ripples, unbalanced magnetic pulls [20] , [21] . Therefore, the current unbalance or impedance unbalance of the system should be mitigated as much as possible. Hu et al. [20] , [22] utilized a compensation unit in both parallel and series to suppress the second harmonic DC-bus voltage pulsation and torque ripple caused by the asymmetric impedance in an asymmetric permanent magnet synchronous generator system. Yepes et al. [23] proposed an improved multiple-resonant-controller structure to compensate the current harmonics for a n-phase machine with an asymmetrical winding. Active power filters, as reported in [24] , [25] , are also very popular for compensating the current unbalance in many applications. However, all of the methods mentioned above require extra power circuit components or power electronics, which increase investment cost for the system. In addition, the control strategy also has to be modified accordingly. Furthermore, not all the proposed solutions are suitable for machines with asymmetric winding, 83176 VOLUME 7, 2019 as some of them are designed for power systems. There is a lack of research that specially investigates current unbalance mitigation strategies for machines with inherently asymmetric windings.
The aim of this paper is to suggest methods to mitigate the current unbalance and other harmful effects (e.g. torque and speed ripples) in a high-speed solid-rotor IM, that result from the usage of an asymmetric double-layer winging arrangement. The proposed methods are based on balancing the stator inductances, as they are the main reason for the current unbalance, when the proposed winding (having much simpler manufacturing routine) is applied. The novel mitigation technique is realized by increasing the stator slot height and then optimizing the positioning of the different phase coils in different stator slots. Based on this approach, two potential methods for current unbalance mitigation are proposed and compared in this paper. The proposed methods are found to be very effective for mitigating unbalance phenomena in the machine and they are easy to implement at low cost. However, a disadvantage is that some of the machine efficiency is sacrificed because of the increment of the overall stator inductance. This efficiency can, however, be taken into account during the design phase and can be easily compensated, e.g. by slightly increasing the supply voltage.
II. HIGH-SPEED SOLIR-ROTOR IM PERFORMANCE ANALYSIS WITH ASYMMETRIC WINDING A. ASYMMETRIC WINDING DESCRIPTION OF THE HIGH-SPEED SOLID-ROTOR IM
The machine studied is a 660 V, 2 MW, 200 Hz, 12000 r/min high-speed slitted-solid-rotor IM. Its initial design is reported in detail in [26] , [27] . The more specific dimensions of the high-speed solid-rotor IM are listed in Table 1 . Prefabricated coils are employed in the design, since the machine utilizes direct liquid cooling technology similar to the case reported in [28] . Prefabricated coils are typically mechanically stiff and it is difficult to bend them further when inserting the coils in the slots. To guarantee the machine performance and solve the manufacturing problem at the same time, a novel asymmetric winding is proposed in this paper. The machine is a low-voltage high-power high-speed machine. Consequently, there are very limited alternatives to realize the motor winding taking the boundaries set by Faraday's law into account. With a traditional two-layer short-pitched winding, it is possible to connect the upper and lower level coil groups in parallel. In a primary asymmetric two-layer winding the parallel paths of the windings become different and, it is therefore impossible to use parallel paths similarly to the orthodox two-layer winding. In this paper, an asymmetric three-phase winding type is introduced in which all individual phase windings have identical parallel paths, enabling manufacturing of a low-voltage machine of this power and speed.
In addition, the winding must still be connected in delta, which is not favorable in the case of an asymmetric winding because it may cause some circulating currents. However, to guarantee the same amount of flux linkage as the winding in delta connection, using star connection should result in about 1200 V (660 V × √ 3 = 1143 V) line-to-line voltage, which makes commercial converters unavailable. Therefore, several compromises have been made to make it possible to realize a high-power high-speed low-voltage machine. phase is exactly the same as in a traditional winding arrangement. From the figure, it can be deduced that the three-phase stator inductances and the stator phase mutual inductances are not fully symmetric. The advantage of the proposed design is that the winding (prefabricated winding) installation becomes much easier when only a few coil sides need to be left hanging in the stator bore before the bottom coil sides are in their right places, as shown in Fig. 1(c) . Detailed coil arrangements for this proposed asymmetric winding are described in Fig. 2 . There are two parallel branches in the winding, and the winding is in delta connection. Table 2 lists the main parameters and performances of the machine with the asymmetric winding at the nominal load. All the simulations in this paper are conducted by 2D FEM and the end winding effect is considered by the end winding leakage inductance (7 × 10 −5 H by the analytical method) in an external circuit, which is coupled with the finite element model. Meanwhile, the ending winding resistance is added to the total winding resistance. In this table, the threephase average phase current (phase U, V, and W currents are 1446 A, 1562 A, and 1506 A, respectively) is 1505 A, which means that the machine is suffering some asymmetry because of the proposed winding with three-phase symmetric sinusoidal voltage supply. Additionally, enhanced torque ripple can also be observed at the nominal load. The asymmetry mainly results from the asymmetric stator inductances containing the magnetizing inductance and leakage inductance, because the average position of the coils of each phase within the slot height is different. For example, the number of windings positioned at the bottom of the slot for phase U is 18 and at the top of the slot is 6. Whereas, for phase V the number of windings positioned at the bottom is 6 and at the top of the slot is 18. Typically, the coil sides placed at the slot bottom generate a higher slot leakage flux and therefore higher leakage inductances compared with those located at the slot top [29] . The leakage flux path for the bottommost coils offers lower reluctance for the leakage magnetic flux than that of the topmost coils. This phenomenon is further explained in more detail in [30] .
B. DEFINITIONS OF THE CURRENT UNBALANCE RATIO AND CURRENT UNBALANCE FACTOR
As there are no standardized indices to assess the current unbalance, two measures that include current unbalance ratio (CUR) and current unbalance factor (CUF) are proposed. The factors have similar definitions as the voltage unbalance described in [31] , [32] . The CUR is defined as follows
where I U , I V , and I W are the fundamental RMS values of phase or line currents. It can be concluded from (1) that the CUR mainly reflects the maximum current deviation with respect to the average current. Because the machine is in delta connection, the machine has positive, negative and zero sequence phase currents but only positive and negative line currents. The zero sequence phase current only travels inside the delta connection, which is regarded as the circulating current. The CUFs for negative and zero sequence currents can be expressed as
whereİ + ,İ − , andİ 0 are the positive, negative and zero sequence components of the phase or line currents (fundamental or harmonic currents). (2) and (3) mainly reveal the corresponding ratios with respect to the positive sequence currents. The positive, negative and zero sequence currents can be calculated aṡ
whereȧ = 1 120
• .İ U ,İ V , andİ W are the phase or line current phasors. Table 3 lists asymmetric characteristics of machine with the proposed winding, without tuning machine properties. Both the phase and line current unbalance indices are shown, because the phase current unbalance is directly related to the machine performance and line current unbalance is important from the supply point of view. In Table 3 , only the fundamental and the 3rd order currents are analyzed because they have higher amplitudes than other harmonics. The 3rd order related indices are marked with ''3rd order''. The rest of the indices without a mark are describing the fundamental currents. The 3rd order components only appear in the phase currents and the three-phase 3rd order currents have the exact same phase, which means that they are the circulating currents and they can only travel inside the delta connection. They are not capable of generating any rotating magnetic flux either, instead they create leakage flux.
There is no CUF 0 for the line current in Table 3 , because the zero sequence line current is negligibly small. The machine has no neutral line (star-delta connection), which means the zero sequence impedance is infinite. It can be seen that the phase current has a higher CUR than the line current at both no load and the rated load. Since the line current has a bigger denominator when CUR is calculated by (1) . Similarly, the phase current always has a higher CUF − and CUF 0 . Additionally, it can be seen from the table that the zero sequence phase current is higher than the negative sequence phase current. The zero sequence phase current can only create a pulsating magnetic flux, which will cause some extra losses. However, the negative sequence phase current is capable of generating a rotating magnetic flux that travels in the opposite direction with respect to the fundamental magnetic flux. The electromagnetic torque mainly results from the interaction of different magnetic flux harmonics. Therefore, a double supply frequency (400 Hz) torque ripple (82.111 Nm) is shown in the table because of the interaction of the fundamental and the negative sequence magnetic fluxes [20] . The torque ripple can make the control of the machine become more difficult and also increases the noise and vibration level of the machine.
III. SUPPRESSION OF THE CURRENT UNBALANCE AND PERFORMANCE ANALYSIS
The three-phase phase current (fundamental, RMS values) at the nominal load for phases U, V, and W are 1446 A, 1562 A, and 1506 A, respectively, which means that the three-phase stator inductance should be L s,U > L s,W > L s,V . The three-phase circuit has exactly the same voltage supply level and winding resistance. Therefore, the current unbalance is caused by the different stator inductances containing the magnetizing inductances and leakage inductances. In Fig. 1(b) , there are 18, 6, and 12 conductors located at the slot bottom for phase U, V and W, respectively. As a result, the three-phase stator slot leakage inductance should be L sσ,U > L sσ,W > L sσ,V . Because the overall flux linkage (the same voltage supply) for each phase is the same, the different stator leakage inductances further indicate that the three-phase magnetizing inductances are asymmetric, which is directly related to the difference between the overall flux linkage and the flux leakage. Consequently, adjusting the slot leakage inductance for different phases separately may be a potential method to balance the three-phase current.
The method proposed in this paper to mitigate the current unbalance is arranged as follows. The main idea is to balance the three-phase inductance by reducing L s,U , and concurrently increasing L s,V and L s,W . To be more specific, the phase U stator inductance is reduced by increasing the total magnetic circuit reluctance. For phases V and W, the stator inductances are increased by increasing the stator leakage inductances. The specific implementation is illustrated in Fig. 3 . It is shown in Fig. 3(a) that the stator slot height is increased slightly giving an extra area in the slot (marked in blue). The phase U winding is placed at the slot top and phases V and W are placed at the slot bottom. Therefore, the extra slot area is located at the slot bottom for phase U and slot top for phases V and W. The extra slot area can be filled with the non-conducting nonmagnetic material, e.g. a glass-fiber stick. For the phase U, the extra slot area at the slot bottom can reduce the stator inductance because it reduces the stator yoke height which makes the overall magnetizing reluctance of the yoke higher. Phases V and W have extra slot area at the top of the slot and this slot area proposes extra paths for the leakage flux to travel through, as shown in Fig. 3(b) . Consequently, the corresponding stator leakage inductances will increase. Although the increased slot height for phases V and W can also reduce the magnetizing inductances (the same situation of phase U), the phases V and W total stator inductances still increase because the leakage inductance increases more. This phenomenon will be further discussed in Section III-A. It should be noted that in the design all the stator slot heights are increased by the same dimension. The stator lamination itself has an isotropic geometry in the cross-section plane, and this isotropic geometry does not complicate the stator lamination during the manufacturing process. The only difference is the winding arrangement in which the specific coils are placed at different positions in different stator slots.
Because all the three-phase stator inductances are different, it is very difficult to fully balance the three-phase stator current with three variables by a single procedure. Therefore, two possible means are studied and compared in the following sections. One possible way of balancing the currents is by placing the phase U winding at the slot top and phases V and W at the slot bottom with the extra slot areas in all the slots. Adjusting the extra slot height makes it possible to acquire the optimized dimension, when all the three-phase currents are close to each other. The other method is that based on the extra slot height adjustment results that are shown in Section III-A, and further balancing the phase W current by adjusting the coil side position in the slots, as shown in Fig. 3(a) . 
A. CURRENT UNBALANCE MITIGATION BY THE EXTRA STATOR SLOT HEIGHT ADJUSTMENT
To mitigate the current unbalance efficiently, the extra stator slot height can be further optimized. In this study, the extra slot height varies from 0 mm to 14 mm for the optimization. Fig. 4 shows the changes in the phase currents and phase CURs during the optimization of the extra slot height at both no load and the rated load. The figure indicates that the proposed method is very effective, because the phase U current increases with the increment of the slot height, while phase V and W currents decrease. The lowest CURs can be obtained when the extra slot height ranges from 6 mm to 10 mm. The minimum CURs are 3.266% and 3.806%, respectively, at both no load and the rated load, when the extra slot height reaches 6 mm. The situation is similar for the line current unbalance, as shown in Fig. 5 . However, the best extra slot height range for smaller CURs is from 4 mm to 8 mm and the minimum CURs are 1.334% and 1.647% at 4 mm, respectively, at no load and the rated load. It can be deduced from Fig. 4 and Fig. 5 that the best range is from 6 mm to 8 mm, which makes both the phase and line CURs small. Fig. 6 shows the details of the phase currents and CUFs at both no load and the rated load. In Fig. 6(a) , the no-load positive sequence current decreases with the increment of the 83180 VOLUME 7, 2019 extra slot height, because the stator overall leakage inductance increases with larger extra slot height. Concurrently, as shown in Fig. 6(b) the positive sequence phase current increases at the rated load. The larger stator leakage inductance results in a lower air-gap magnetic flux and as a result, the motor slip will increase and a larger stator current will be seen in the stator winding. This outcome further indicates that the proposed method to mitigate the current unbalance is realized by sacrificing some of the machine performance. The proposed technique increases the stator leakage and corresponding reactive voltage drop. The extra leakage (the stator leakage inductance), however, also acts as a current filter smoothening air-gap current linkage time harmonics. The negative and zero sequence currents in both cases decrease at the beginning and increase after reaching the minima. However, the 3rd order circulating currents always decrease with the increment of the extra slot height. In addition, it can be seen in the figure that the negative and zero sequence currents at the rated load are always higher than at no load. This is because the negative and zero sequence currents belong to the fundamental current component. The heavier rated condition can always enhance the fundamental current because of the higher slip. That is to say, the asymmetry is worse under load. However the situation is inverted for the 3rd order circulating current. The 3rd order circulating current is always higher at no load, as shown in Fig. 6 . Fig. 6(c) shows the corresponding CUFs. It can be seen in the figure that the negative sequence current unbalance factor CUF − reaches the minima (0.791% and 0.970%) when the extra slot height is 6 mm and the zero sequence current unbalance factor CUF 0 reaches the minima (1.287% and 1.421%) when the extra slot height is 10 mm. In addition, it also shows that when the extra slot height is small (from 0 mm to 8 mm) the CUF 0 is higher than the CUF − . When the height becomes larger (from 8 mm to 14 mm), the figure shows the opposite result. 7 shows the line current unbalance at both no load and the rated load. The positive sequence line current has the same tendency as the phase current, when the extra slot height is increased. The negative sequence line current unbalance factor CUF − curves also show similar patterns as are seen in Fig. 6(c) . The minima of the CUF − are 0.791% and 0.969%, when the extra slot height is 6 mm.
The analysis above shows that the proposed method for mitigating the current unbalance by optimization of the extra slot height is very effective as most of the current unbalance indices can be reduced to almost half of the initial values. The best extra slot height for the different minimum indices varies from 4 mm to 10 mm. The extra dimension can be further determined by the machine performance analysis, which is shown in the next several paragraphs. Fig. 8 shows the rotating speed and per-unit slip varying as a function of extra slot height. The speed becomes slightly lower and the per-unit slip becomes slightly higher when the slot height is increased. This result indicates that the positive magnetizing flux is smaller with a bigger slot height, since with a smaller magnetizing flux, the machine runs at a lower speed to create the rotor current needed for the same torque. Based on the fundamental behavior of the machine, it can consequently be deduced that the rotor losses may be increased slightly. This feature can however be taken into account and compensated in the machine dimensioning.
The corresponding machine losses as a function of the extra slot height are illustrated in Fig. 9 . The solid-rotor losses, stator core losses and copper losses are all estimated by the 2-D FEM. The mechanical losses and extra losses in Table 2 are considered as constants at the rated load and they have been taken into account in the efficiency calculation. In Fig. 9(a) , the solid-rotor losses increase because of the higher per-unit slip. The stator core losses and copper losses also increase because more stator leakage is generated in the stator core and a higher slip brings higher copper losses. As a result, the efficiency decreases with the increment of the slot height. This phenomenon exactly shows that the proposed method sacrifices the efficiency to mitigate the current unbalance. This is an interesting result as the original hypothesis was that the negative sequence currents should cause more losses in the machine. Fig. 10 describes the torque ripple (400 Hz) as a function of the extra slot height at the rated load. It can be seen that it drops at the beginning and reaches a minimum of 41.242 Nm at 6 mm. After that it increases with the increment of the slot height. The double supply frequency torque ripple mostly depends on the negative sequence rotating magnetic flux, which is directly related to the negative sequence current as illustrated in Fig. 6 . Therefore, it can be seen that the negative sequence current and the torque ripple have the similar curves (the same tendency with the increment of the slot height).
Based on the data evaluating the current unbalance and machine performances the shown in the figures a 6 mm extra slot height was selected as the best solution. This value brings very small current unbalance indices (some of them are the minimum) and the minimum torque ripple. The corresponding data are listed in Table 4 . The ''Red. rate'' in this table denotes the reduction rate with respect to the initial case without any extra slot height modification. The values in the table show that the proposed method is effective and most of the current unbalance indices and torque ripple are reduced by about a half. The effect is quite limited for mitigating the phase 3rd order circulating currents at both no load and the rated load, because they are only reduced by around 4%. However the 3rd order circulating currents always exist when a delta connection is used, even in the machine with a fully symmetric winding. All these benefits of smaller the current unbalance and torque ripples are gained by sacrificing the machine efficiency. The machine suffers extra losses of 1.4 kW in total, which reduces the efficiency from 97.321% to 97.250%. This efficiency drop is acceptable because it makes the machine control easier due to the steadier out-put torque and more even converter out-put currents. Additionally, the noise and vibration of the machine is also further suppressed.
B. CURRENT UNBALANCE MITIGATION BY THE COIL SIDE POSITION ADJUSTMENT IN THE STATOR SLOT FOR PHASE W
Based on the phase current curves in Fig. 4 , the current unbalance can be further mitigated by adjusting the phase W coil side position. In Fig. 4 , there are intersections of the phase currents at both no load and the rated load, when extra slot height is 10 mm. It is possible to get a fully balanced phase current by adjusting the coil side position of phase W, as shown in Fig. 3(a) . In the figure the positions of only some coils are recommended to be adjusted, because the coils in other stator slots do not belong to a single phase W. The analysis in Section III-A indicates that most of the indices at the rated load have a good agreement with those at no load. Therefore, only the rated current unbalance indices are considered during the optimization of the phase W coil side position.
The adjustment of the coil side position is carried out after choosing a extra slot height of 10 mm, because the three-phase current intersections only show in that situation. Fig. 11 illustrates the three-phase current and CURs as a function of the coil side position of phase W in the stator slot at the rated load. It is assumed that the coil side position is 0 mm when the coil side is placed in the slot bottom, as shown in Fig. 3(a) . It can be seen in Fig. 11(a) that the three-phase phase current (fundamental, RMS value, 1511 A, 1505 A, and 1510 A) gets very close to each other when the coil side position is 7 mm and the CUR reaches the minimum of 0.422% at the same time. The same conclusion can be drawn for the three-phase line current and CUR. The currents are 2624 A, 2622 A, and 2592 A, respectively, and the CUR is 1.227% when the coil side position in the stator slot is 7 mm. phase and line CUF − curves coincide with each other. A very small CUF − can be achieved when coil side position varies from 7 mm to 10 mm. However, the phase CUF 0 reaches the minimum when the coil side position is 5 mm. Based on the analysis in Section III-A, it can be concluded that the CUF − is related to the torque ripple and CUF 0 is more related to the losses. The machine is very sensitive to CUF − , which is shown in Fig. 7 and Fig. 10 . It was decided to select the 7 mm coil side position as the best solution taking the results in Fig. 11 and Fig. 12 into consideration. Table 5 lists the specific coil arrangements for the proposed asymmetric winding with 10 mm extra slot height. The slot number is defined in Fig. 2 . The more specific coil arrangements for the three-phase asymmetric winding in different stator slots are illustrated in Fig. 13 . Table 6 lists the main current unbalance indices and machine performances with the coil side position of 7 mm for phase W when the extra slot height is 10 mm. In this table, all the current unbalance indices are smaller than those in Table 4 , which means that this method gives better results than only adjusting the extra slot height. From the machine point of view, the phase CURs are very small, which means that the phase currents are almost balanced. In addition, the torque ripple is further suppressed and the efficiency (97.255%) is slightly higher than in the previous method (97.250%).
IV. CONCLUSION
An asymmetric double-layer short-pitch winding with prefabricated coils was proposed for a 660 V, 2 MW, 12000 r/min high-speed solid-rotor IM. The purpose of using this winding arrangement was to make the winding manufacture and assembly easier. The proposed asymmetric winding had the disadvantage of generating asymmetric three-phase stator inductances containing magnetizing and leakage inductances, which caused some three-phase current unbalance. The current unbalance brought side effects for the machine and the converter, e.g. control difficulty, torque ripple, and noise and vibration, which should be mitigated as much as possible.
Indices including CUR and CUF were proposed in this paper to evaluate the current unbalance. Two methods were then proposed to mitigate the current unbalance. One was realized by modifying the stator slot height and placing the coils at the slot top or bottom for different phases. The other one was to further adjust the coil side position for phase W, after the slot height was optimized. Consequently, the stator inductances were adjusted successfully as requested by these two methods. As a result, all the corresponding current indices and torque ripple were reduced dramatically. These benefits were realized by at a cost of some extra losses and the machine efficiency dropped from 97.321% to 97.250% and 97.255%, respectively, for these two methods. The second method was capable of acquiring more balanced currents, a smoother torque and a higher efficiency than the first method. The proposed method has the potential to be further utilized for other types of asymmetric windings and machines to guarantee the smaller current unbalance.
